In Salmonella enterica, there is a great variety of 0 antigens, each consisting of a short oligosaccharide ( 
Lipopolysaccharide (LPS) is an important cell wall antigen in gram-negative bacteria. It consists of three structural domains: lipid A, the oligosaccharide core, and the polysaccharide 0 antigen. The immunodominant portion of the molecule is the 0 antigen, which consists of oligosaccharide repeat units (repeating units) of three to six sugars responsible for serological 0 specificity of bacteria. The immunogenic properties of the 0 antigen depend entirely on the sugar composition and the linkages between monosaccharides and between repeat units. The basic structures of the repeating units of Salmonella enterica 0 serogroups B and El have almost the same backbones (mannose-rhamnosegalactose), the only differences being the linkage between mannose and rhamnose and the addition of an abequose in group B (Fig. 1) (10, 25) . The basic structure of the 0 antigen of S. enterica group C2 has the same sugar components as that of group B, but the arrangement of the sugars is very different ( Fig. 1) (9) .
The mechanisms involved in the assembly of LPS have been studied intensively (17, 18, 22) . Each repeating unit is assembled on the cytoplasmic face of the membrane in a sequential series of glycosyl transferase reactions that involves undecaprenol phosphate as an antigen carrier lipid (22) . The repeating units are translocated to the periplasmic side, polymerized, and transferred to core-lipid A. Finally, the complete LPS is translocated to the outer membrane of the bacterial cell.
The rfb gene cluster encodes the nucleotide sugar biosynthetic pathways and the transferases necessary for assembly of the repeating unit (15) . The rfb gene clusters of S. enterica O groups B, C2, and El have been sequenced and analyzed in detail ( Fig. 2) (4, 11, 27) . Comparison of these rfb gene clusters indicated that they all have dTDP-rhamnose and GDP-mannose biosynthetic pathway genes, but abequose biosynthetic pathway genes were found in groups B and C2 only (Fig. 2) (25) , and C2 (9) . The 0-acetyl and glucose residues of group B (boxed) are added after assembly and polymerization of the basic structure, are not always present, and are determined by genes outside rfb (15) . The other 0-acetyl residues in groups El and C2 (also boxed) probably fit into the same category. Abbreviations: Abe, abequose; Gal, galactose; Glu, glucose; Man, mannose; OAc, 0-acetyl residue; Rha, rhamnose. dTDP-L-rhamnose was synthesized enzymatically as described earlier (16) .
Preparation of membrane fraction. The membrane fraction was prepared as described by Osborn et al. (21) . Briefly, 100 ml of culture was grown to mid-log phase (optical density at 530 nm, 0.4) and the cells were collected, washed once with saline, and resuspended in buffer A (50 mM Tris-acetate [pH 8.5], 1 mM EDTA). The cell suspension was subjected to sonication or French press, the unbroken cells were removed by centrifugation at 5,000 rpm for 15 min, and the membranes were sedimented at 20,000 rpm for 1 h in a Beckman centrifuge with a JA20 rotor. The membrane pellet was washed once in buffer A, centrifuged again as described above, and resuspended in 0.3 to 0.5 ml of buffer A.
Assay of transferase activity. The incubation mixture con- UDP-galactose is synthesized by housekeeping genes outside rfb.
The letters indicate the genes that have been identified. The identification of pathway genes and rUbP was described previously (11) . (11) , carrying the rflP gene, was transferred to strain P9031, which lacks all the putative transferase genes, and the resulting strain is referred to as P9297. Galactose transferase activity could be detected in this strain (Fig. 3) . After plasmid pPR1208, containing only orfl6.5, was transferred into strain P9297, incorporation of ['4C]rhamnose in the presence of UDP-Gal could be detected (Fig. 3) , indicating rhamnosyl transferase activity. Membranes from P9297/ pPR1303 (carrying orfiS.4 and orfl6.5) showed mannosyl transferase activity in the presence of UDP-Gal, dTDP-Rha, and [14C]GDP-Man (Fig. 3) . These results indicate that orfl6.5 is the rhamnosyl transferase gene named rfbN and orfiS.4 is the mannosyl transferase gene, now named rfbU, of S. entenica LT2. orfil.9 of S. enterica group El is homologous to orfl6.5 (rfbN) of group B, and the two genes have 75.2% identity and 84.9% similarity at the amino acid level. The function of orfll.9 was confirmed by rhamnose incorporation using membrane from P9297/pPR1135 (Fig. 3) and rfbN, and when transferred into P9297, it did not confer the mannosyl transferase function (Fig. 3) , showing that orflO.8 is the mannosyl transferase gene (ribO) in group El.
To identify the glycosyltransferases in S. entenica group C2, a number of plasmids were made and transferred into P3127, an Escherichia coli strain which carries a deletion of the gal operon (1) and which cannot synthesize UDPgalactose, so that no oligosaccharide intermediate can be synthesized in vivo. The plasmids all carry r-bM and rfbK of the mannose biosynthetic pathway, which should not affect the current assay, and also rflP, which is necessary for the first transfer reaction. The plasmid pPR1299 carries only orfl8. 9 in addition to the genes named above, and the membranes from P3127 carrying this plasmid have mannosyl transferase activity (Fig. 3) , indicating that orfi8.9 encodes the enzyme which transfers mannose to Gal-decaprenol PP1 The product, Man-Gal-PP1-D, of the above reaction was extracted and used as a substrate to assay membranes from strains carrying pPR1328 or pPR1299. The strain carrying pPR1328 could add mannose to the intermediate (Man-GalPPj-D) much more efficiently than the strain carrying pPR1299, presumably to form Man-Man-Gal-PP1-D (Fig. 3) . The difference between pPR1328 and pPR1299 is that (Fig.  3) . This result indicates that orfS5.5 is the rhamnosyl transferase gene, now named rfbQ, of group C2.
Transferase specificity. The specificities of the transferases were tested by assaying their activities with different substrates. The results showed that in group B, the rhamnosyl transferase transfers rhamnose only when UDP-Gal is present and hence not to DP alone, and the mannosyl transferase transfers mannose to Rha-Gal-PP1-D only, not to Gal-PP1-D or DP ( (Fig. 1) .
The predicted secondary structures all consist of alternating a helices and 13 sheets, but conserved motifs were not found.
The galactosyl transferase has five transmembrane segments, and it has been predicted to be an integral membrane protein (11) . In contrast, no significant transmembrane segments have been found in any of the other identified transferases, and the basis of their membrane association is not yet known.
The two families of transferase genes have low G+C contents (33 to 37%) ( Table 5 ) compared with the average G+C content (51 to 54%) of S. enterica chromosomal DNA (24) . The nucleotide sugar pathway genes have already been identified, and the transferase genes are now located to the central, highly variable regions of previously unidentified genes. It is not clear whether they evolved in situ or by gene capture.
In group B, only two genes remain to be identified, and one, orfl2.8, is thought not to be a transferase gene (11) , leaving orfl4.1 as the presumptive abequose transferase gene. In group C2, orfl2. 8 is thought to be a homolog of orfl2.8 in group B and orfl4.9 is thought to encode an acetyltransferase, leaving orf3. 9 as the only remaining -unidentified open reading frame and presumably the abe- (Fig. 2) . The transferase genes other than rfbP are very divergent, and clearly the divergence of these genes is very ancient. Some of the evolutionary implications have been discussed recently (23) .
